We use density-functional theory calculations to study the stability, electronic, and optical properties of free-base and Zn porphyrins and phthalocyanines (H 2 P, H 2 Pc, ZnP, and ZnPc) noncovalently attached onto a semiconducting carbon nanotube (CNT). The macrocycle physisorption is described by van der Waals density functional while optical response is obtained through the imaginary part of the dielectric function. Our results show a rather strong macrocycle binding energy, ranging from 1.0 to 1.5 eV, whereas the CNT geometry and electronic properties are weakly affected by the adsorbates. The optical spectrum shows that CNT-porphyrins and CNT-phthalocyanines assemblies would absorb at different energies of the visible solar radiation spectrum, which would increase the conversion energy efficiency in a photovoltaic device including both macrocycles.
I. INTRODUCTION
The functionalization of single-walled carbon nanotubes (CNTs) with organic molecules is currently the subject of intense theoretical and experimental research exploring functional materials for light-harvesting applications 1,2 and catalysis. [3] [4] [5] Particularly, inorganic-organic hybrid compounds involving CNTs and planar electron-rich aromatic macrocycles like porphyrins and phthalocyanines, which are characterized by a strong absorption in the visible and ultraviolet spectra, have attracted great interest envisioning CNT-based photovoltaic devices. 1, 6, 7 Indeed, recent experiments on CNTs functionalized noncovalently with free-base porphyrins and metalloporphyrins have shown large ultrafast nonlinear absorption, 8 as well as highly efficient excitation energy transfer. 9 These reports suggest that molecular assemblies may be used as controllable electron donor-acceptor nanohybrids while preserving the nanotube intrinsic properties. 10 Although the above mentioned experiments indicate that π -π stacking or van der Waals interaction are responsible for the macrocycles attachment onto the CNT, little is known about the theoretical characterization of the electronic and optical properties observed on these complexes and the role played by the dispersive forces.
Recently, accurate optical response calculations based on many-body perturbation theory, namely GW approximation and the Bethe-Salpeter equation (BSE), have been performed for porphyrins and phthalocyanines in the gas phase. [11] [12] [13] [14] Although they give excellent results for the evaluation of frontier orbitals and optical absorption spectra of such molecules, at this moment these techniques are prohibitive for extended systems like molecules adsorbed on CNTs due to the computational costs. Alternatively, most calculations in extended systems involving CNTs report linear optical response neglecting many-body effects. [15] [16] [17] However, theoretical and experimental results have established that manybody interactions shift the CNT bandgap to higher energies and create excitons with large binding energies, which vary inversely with the CNT diameters. 18, 19 In addition, recent scanning tunneling spectroscopy measurements have proposed that exciton binding energies can be deduced by the difference between the intrinsic CNT bandgap and the optical transition, taking values as high as 0.4 eV. 20 Optical experiments have also shown that the interaction of CNT with physisorbed molecules and other CNTs leads to redshifts in the optical transition of about 10 meV. 21, 22 A recent microscopic model predicts the same redshift in both excitonic and free-particle absorption spectra, which is attributed to an efficient coupling between charge carrier and the molecular dipole field. 2 In addition, many-body calculations have suggested that this redshift results from the local polarizability induced by the adsorbates, 23 in close agreement with experiments. 20 In this work we address the same problem but considering (free-base and Zn) porphyrins and phthalocyanines macrocycles as adsorbates, using van der Waals density functional to model dispersive interactions. The response of the functionalized CNT to light polarized both parallel and perpendicular with respect to the CNT axis is investigated though the imaginary part of the dielectric function, revealing redshifts in the optical absorption, in close agreement with the above results. Although our approach does not consider many-body interactions due to the system size, it gives qualitatively good results that allows us to extract relevant information about the optical absorption of CNT-macrocycle complexes for photovoltaic applications.
II. THEORETICAL APPROACH
Our DFT calculations were carried out by using the SIESTA ab initio package, 24 which employ norm-conserving pseudopotentials and localized atomic orbitals as basis set (double-ζ , singly polarized in the present work). The macrocycles physisorption on the CNT sidewall is assessed by van der Waals density functional as proposed by Dion et al. 25 This approach has been successfully applied to describe the dispersive interaction of aromatic molecules on graphite and CNTs. 26, 27 In the present work we consider a semiconducting (14,0) CNT with a diameter of 1.1 nm, and four macrocycles: Zn-porphyrin (ZnP), Zn-phthalocyanine (ZnPc), free-base porphyrin (H 2 P), and free-base phthalocyanine (H 2 Pc).
The macrocycle adsorption on the CNT surface is studied within the supercell approach with periodic boundary conditions along the nanotube axis (y direction) with unitcell lengths of 4a 0 and 6a 0 for the CNT-porphyrin and CNT-phthalocyanine complexes, respectively, where a 0 = 2.49Å. In order to avoid interaction between CNT images, the lateral separation between them is fixed to be of 10Å. For the Brillouin zone sampling we used a 1 × 3 × 1 Monkhorst-Pack mesh. Tests of convergence were performed considering a larger mesh (1 × 5 × 1), our results show differences in the total energy less than 0.01 eV. In addition, band structure calculations obtained with both meshes show negligible differences. For the optical calculations, we used 1 × 31 × 1 and 1 × 51 × 1 k-points meshes for the CNT-porphyrins and CNT-phthalocyanines, respectively. The macrocycle binding energies were calculated by the energy difference between adsorbed and separated constituents, considering corrections due to the basis set superposition error. The complexes were fully relaxed by conjugate gradient minimization until the forces on the atoms were less than 0.05 eV/Å. Three positions for the H 2 P and H 2 Pc adsorption on the CNT surface were considered: In position I the N-H bonds are perpendicular to the CNT axis, in position II the N-H bonds are parallel to the CNT axis, and in position III the N-H bonds form an angle of 45
• with respect to the CNT axis. For ZnP and ZnPc, positions I and II are equivalent by symmetry.
The optical spectrum is obtained through the imaginary part of the dielectric function in the linear-optical-response approximation, according to the equation:
Here, A is a constant that depends on the cell sizes; c and v are the occupied and empty Kohn-Sham orbitals. The delta function represents the conservation of energy, which are described by Gaussian function with a smearing of 0.06 eV. Optical properties of CNTs are dominated by transitions between corresponding van Hove peaks on opposite sides of the Fermi energy (E ii ). Weisman and Bachilo plotting spectrofluorimetric data against the nanotube diameters predict first (E 11 ) and second (E 22 ) van Hove optical transitions for a wide range of semiconducting CNTs. 28 For the (14,0) CNT they obtained a first optical transition of E 11 = 0.96 eV, whereas our calculations give a value of 0.71 eV. The difference (0.25 eV) is attributed to the many-body effects, which are neglected in our calculation, as discussed above. To verify this we use the empirical relation derived by Dukovic et al. that estimates the band gap redshift associated to many-body effects, given by E 11 = 0.34 eV/d, where d is the CNT diameter. 19 For our semiconducting (14,0) CNT (d = 1.1 nm), we find E 11 = 0.31 eV. According to recent experiments, this energy can be associated to the exciton binding energy in the (14,0) CNT.
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III. RESULTS AND DISCUSSION
A. Structural and electronic properties Figure 1 shows the equilibrium geometries of the free-base porphyrin and phthalocyanine adsorbed on the CNT sidewall at position III. We observe a strong deformation for the phthalocyanine, which tends to adopt the CNT curvature, while for porphyrin only a small twist is found. The respective binding energy of these macrocycles are found to be around 1.5 and 1.0 eV, suggesting that the strength of the CNT-macrocycle interaction is quite strong with a clear dependence on the contact area of the complex. In fact, if we consider the macrocycle physisorption energy per unit length of contact, this has the same order of the CNT chemisorption energy on a silicon surface. 29 Similar results for the strong molecular physisorption have been found in previous calculations of benzene and naphthalene on graphite using the same theoretical approach of the present work, which also agree well with the available experimental data. 26 Table I lists macrocycle binding energies and adsorption distances from the CNT surfaces. The Zn macrocycles show binding energies slightly higher than their free-base counterpart (less than 0.06 eV), suggesting that the macrocycle size (instead of metal center) is the relevant parameter that increases the binding strength. We also found that the CNT geometry is almost unchanged with the presence of the porphyrins and phthalocyanines, which locate at around 3.1 and 3.3Å from the CNT surface, respectively. Figure 2 shows the band structures of pristine and functionalized CNTs for a wave vector along the CNT axis. For CNT-H 2 P [ Fig. 2(b) ] and CNT-ZnP [ Fig. 2(c) ] we find very close electronic characteristics, suggesting similar optical properties for these complexes. The porphyrin higher occupied and lower unoccupied molecular orbitals (HOMO and LUMO) levels locate at around −1 and 1 eV with respect to the CNT Fermi energy, respectively. In the case of CNT-H 2 Pc [ Fig. 2(e) ] and CNT-ZnPc [ Fig. 2(f) ], the molecular orbitals locates at around −0.8 and 0.5 eV. We can observe that the macrocycle interaction induces a slight symmetry breaking in the CNT band structure at the crossing points with the macrocycle molecular orbitals. Figure 3 shows difference density plots for CNT-H 2 Pc [ Fig. 3(a) ] and CNT-ZnPc [ Fig. 3(b) ] complexes. Here, the electronic density of the isolated CNT and the phthalocyanines, both frozen in the equilibrium geometry of the interacting systems, are subtracted from the electronic density of the complex, according to the equation:
Thus, ρ indicates the charge displacement induced by the interaction between the molecule and the CNT. In Fig. 3 , blue (red) isosurfaces cover regions where ρ is negative (positive), indicating charge density flows from the blue to the red regions when the phthalocyanine-CNT interaction is turned on. We observe a charge transfer from the complex interface to the CNT and to the macrocycle. For CNT-ZnPc the charge tends to locate around the Zn atom. Similar results are found for the porphyrins-CNT complexes. This charge redistribution indicates an electronic polarization at the adsorption site. Recent calculations show that the polarizability induced by adsorbates on semiconducting CNTs can redshift their exciton states.
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B. Optical properties
The electronic absorption spectrum of porphyrins consist of a strong transition to the second excited state at about 400 nm (3.10 eV), the Soret or B band, and a weak transition to the first excited state at about 550 nm (2.25 eV), the Q band. Both the B and the Q bands arise from π -π * transitions and can be characterized within a reasonably good approximation by considering only four frontier orbitals (HOMO-1, HOMO, LUMO, LUMO + 1), according to the Gouterman model. 30 This simple model has proved to be valid to describe the order and character of the energy levels of a free-base porphyrin when compared with more sophisticated theoretical approaches that include many-body perturbation theory. 11 Excitonic transitions associated with the Q bands are found to derive from a mixing of the single particle transitions from the HOMO to LUMO and from the HOMO to the LUMO + 1 levels, whereas those associated to the B bands are derived from HOMO-1 to LUMO and from HOMO-1 to LUMO + 1 levels. However, the B bands have additional contributions from HOMO-2 to LUMO + 1 transitions, which is not captured by the Gouterman model. Hence, the characterization of the B bands are expected to fail considering independent-particle calculations, and therefore will not be considered in the present work. Figure 4 shows a schematic representation of the energy levels at the point for the complex at the adsorption position III. Black lines represent CNT bands while the red ones macrocycles molecular orbitals. We find that for all macrocycles, the HOMO level is nondegenerated. For ZnP and ZnPc the LUMO level is double degenerated whereas for H 2 P and H 2 Pc this degeneracy is removed due to the breaking of the molecular symmetry by the exclusion of the metal center, resulting in two nondegenerated levels (LUMO and LUMO + 1). In Fig. 4 , Q x represents the HOMO-LUMO transition for the polarization of the incident light in the x direction. Similarly, Q y represents the HOMO-LUMO + 1 transition for the polarization in the y direction. For the ZnP and ZnPc, Q x and Q y are the same due to the molecular symmetry. Table II summarizes our results for Q x and Q y optical transitions for the macrocycles under study as well as previous theoretical and experimental results. It is interesting to note that the molecular orbitals of the isolated macrocycles are almost unchanged when compared with those of the CNT-macrocycle complex, suggesting that the macrocycle absorption properties would be preserved after the interaction with the CNT. , the two peaks at around 1 eV correspond to the E 11 and E 22 transitions. We find that E 11 is shifted toward the infrared by 10 meV with respect to the isolated CNT (see Table III ), which is independent of the macrocycle adsorption position. Recent experiments have shown a similar redshift (∼7 meV) in CNTs functionalized with porphyrins encased in micelles-composite materials. 9, [31] [32] [33] According to these works, the redshift is associated to the interaction of porphyrins onto the CNT in close agreement with our results. In the CNT-H 2 P spectrum of Fig. 5(a) , the presence of the macrocycle is detected by two peaks at around 1.8 and 2.0 eV, which can be associated to the Q and B bands, respectively. As we discuss above, the B band is not well described for the independent-particle approximation requiring the inclusion of many-body effects. In the present calculation the B band appears close the the Q band in the visible region, instead of the near ultraviolet. Because of this failure, we will focus only on the Q bands where the independent-particle approximation gives results much closer to the experimental ones, as shown by Palummo et al. 11 For positions II and III, the Q peaks (at 1.8 eV) are labeled as Q x and Q y , which represent transitions for different polarization due to the rotation of the macrocycle by 45
• . Figure 5 (b) shows the spectrum for the polarization perpendicular to the CNT axis. Here we find the same behavior above described but with an exchange of the Q transitions due to the change in the light polarization. Figure 5(c) shows the spectrum for a polarization perpendicular to both the CNT axis and the plane of the macrocycle. Here we only observe CNT transitions without any macrocycle absorption, as expected due to the direction of the incident light. This result also tells us that the strong macrocycle distortion due to the interaction with the CNT do not induce any optical transitions in the molecule. For the CNT-ZnP complex [ Fig. 5(d) ], the Q x and Q y bands are degenerated due to the molecular symmetry, thus they are labeled as Q x,y . We find that for both polarizations, parallel Here we find that for light polarized parallel and perpendicular to the CNT axis, the Q bands locate at the same place, around 1.4 eV, showing a dislocation of about 0.6 eV with respect to those found in the porphyrin-functionalized CNT. This shift suggests that porphyrins and phthalocyanines on CNTs would absorb at different sites in the solar radiation spectrum, following the same trend as the isolated macrocycles. Therefore, a solarenergy conversion device based on noncovalent functionalized semiconducting CNTs would have higher efficiency if both porphyrins and phthalocyanines are simultaneously adsorbed on the CNT sidewall. According to recent photoluminescence experiments in noncovalently bound CNT-porphyrin assemblies, when a photon is absorbed by the porphyrin, the luminescence of the CNT is enhanced, showing unambiguous evidence of excitation energy transfer from the porphyrin to the CNT. 9 This phenomenon is believed to occurs by the dipole-dipole coupling between the CNT and the adsorbed molecules without exchange of photons in a process known as Förster resonance energy transfer. 38 The resonance can take place when a donor molecule (fluorophore), in an electronically excited state, transfers its excitation energy to a nearby acceptor molecule (chromophore). In Fig. 3 we find a redistribution of charge at the CNT-macrocycle interface, indicating a local dipole-dipole interaction. This dipole interaction and the small spacing at the CNT-macrocycle interface suggests that the highly efficient excitation energy transfer observed in CNT-porphyrin assemblies 9 would be originated in a resonance energy transfer process.
IV. SUMMARY AND CONCLUSIONS
In summary, we have studied the structural, electronic, and optical properties of free-base and Zn porphyrins and phthalocyanines physisorbed on semiconducting CNTs, using ab initio calculations. The macrocycle physisorption is described by van der Waals density functional while the response of the functionalized CNT to light polarized both parallel and perpendicular with respect to the CNT axis is investigated through the imaginary part of the dielectric function in the linear optical response. Our results indicate a strong macrocycle adsorption energies on the CNT sidewall, around 1.0 eV for porphyrins and 1.5 eV for phthalocyanines, but with negligible effects on the CNT geometry and the band structures, suggesting that the CNT high mobility would be preserved after the functionalization. Comparing the E 11 optical transition of the pristine CNT with the functionalized CNT we observe a redshift for the latter of about 10 meV, which is attributed to a polarization effect induced by the adsorbate, in close agreement with previous theoretical an experimental results. 21, 23 Concerning the CNT-macrocycle optical properties, we find that for light polarizations parallel and perpendicular to the CNT axis, the Q band locates at 1.8 and 2.0 eV for H 2 P and ZnP, respectively, whereas for H 2 Pc and ZnPc it locates at the same energy, 1.4 eV. These results suggest that a CNT functionalized with both porphyrins and phthalocyanines would absorb at different energies in the visible solar radiation spectrum, which would enhance the efficient use of sunlight for photovoltaic applications. Finally, we believe that future calculations including many-body effects could be important to confirm our results.
